US007678495B2
a2 United States Patent (10) Patent No.: US 7.678.495 B2
Kolodner et al. 45) Date of Patent: Mar. 16, 2010
(54) GRAPHITIC NANOSTRUCTURED BATTERY 06,911,280 B1* 6/2005 De Jongheetal. .......... 429/137
(75) Inventors: Paul Robert Kolodner, Hoboken, NJ
(US); Thomas Nikita Krupenkine,
Warren, NJ (US); Alan Michael Lyons, FOREIGN PATENT DOCUMENLS
idfl(%hé‘)le}m)? itznﬁy P;“ﬂ IHObOkenﬂ EP 1120 164 A2  8/2001
> COSEPTL ASTLEY TAYIOF, WO WO 02/101352 12/2002
Springlield, NJ (US); Brijesh Vyas, WO WO 03/103835 Al 12/2003
Warren, NJ (US)
(73) Assignee: Alcatel-Lucent USA Inc., Murray Hill,
NI (US) OTHER PUBLICATIONS

(*) Notice: Subject. to any dlsclalmer,i the term of this Ranganathan et al. (Srikanth Ranganathan, Richard McCreery, Sree
patent 1s extended or adjusted under 35 Mouli Majji, and Marc Madou, Photoresist-Derived Carbon for

U.S.C. 154(b) by 1175 days. Microelectromechanical Systems and Electrochemical Applications,
Journal of The Electrochemical Society, 2000, vol. 147 (1), pp. 277 -
(21) Appl. No.: 11/047,136 282).%
(22) Filed: Jan. 31, 2005 (Continued)
(65) Prior Publication Data Primary Examiner—Dah-We1 D Yuan
Assistant Examiner—Katherine Turner
US 2006/0172189 Al Aug. 3, 2006 (74) Attorney, Agent, or Firm—The Law Office of Jay M.
Brown
(51) Int.CL
HOIM 2/38 (2006.01) (57) ABSTRACT
HOIM 2/14 (2006.01)
HOIM 4/02 (2006.01)
HOIM 4/96 (2006.01) A method and apparatus are disclosed wherein a battery com-
(52) US.CL oo, 4-29/129j 429/50,J 4-29/51,J prises at least one electrode formed from a graphjtic carbon
429/208; 429/231.8 nanostructured surface wherein the nanostructured surface
(58) Field of Classification Search ....................... None consists of a plurality of nanoposts formed from graphitic
See application file for complete search history. carbon such that the graphitic nanoposts serve both as an

operational feature (1.¢., dielectric/electrode) and control fea-

56 Ref Cited . .
(56) clerenees T ture of the battery itself. In one embodiment, the nanostruc-
U.S. PATENT DOCUMENTS tured surface consists of a plurality of nanoposts wherein a
select portion of each nanopost 1s formed to serve as the
431063279 A g 8/1978 MﬂItlIl et .‘:11. ................. 368/64 dielectric Of the nanostructured batteryj and the balance Of
4,569,575 A 2/1986 Le Pesantetal. ........... 350/355 each nanopost 1s utilized to impart the control features to the
4,749,198 A 6/1988 Brailean ..................... 273/416 ~  nanostructured battery.
6,185,961 Bl 2/2001 Tonuccretal. ............... 65/60.4
6,231,744 Bl 5/2001 Yingetal. .................. 205/324 235 Claims, 7 Drawing Sheets
Q 7 306
] 7 305
e
906 904
. /]
- |, At
] “ I 901
% 9{,{}3 407 /
N L L ZZZ T Z T T AT 77 L
T e e
¢ // ] 4 / / / 2 gm
S ,
 —— s,
907 907 07 305



US 7,678,495 B2
Page 2

OTHER PUBLICATIONS

Kinoshita et al. (K. Kinoshita, X. Song, J. Kim, M. Inaba, Develop-
ment of a carbon-based lithium microbattery, Journal of Power
Sources, 1999, vol. 81-82, pp. 170-175).*

U.S. Appl. No. 10/716,084, filed Nov. 18, 2003, Kroupenkine et al.
U.S. Appl. No. 10/403,159, filed Mar. 31, 2003, Kornblit et al.
Lyons, A.M., et al., “Direct Writing of Carbon Interconnections,”
Mat. Res. Soc. Symp. Proc., vol. 101, Material Research Society, pp.
67-73, 1988.

Lyons, A.M., “Photodefinable Carbon Films Electrical Properties,”
Journal of Non-Crystalline Solds, vol. 70, pp. 99-109, Elsevier Sci-
ence Publishers B.V., 1985.

Lyons, A.M., et al., “Thin Pinhole-Free Carbon Films,” Thin Solid
Films, vol. 103, pp. 333-341, Elsevier Sequoia, 1983.

Zheng, Tao, et al., “Effect of turbostratic disorder in graphitic carbon
hosts on the intercalation of lithium,” Physical Review B, The Ameri-
can Physical Society, vol. 51, No. 2, Jan. 1, 1995.

Wang, C., et al., “C-MEMS Technology for L1 Ion Microbatteries,”
Abs. 445, 206" Meeting, The Electrochemical Society, Inc., 1 page,
2004.

Wang, C., etal., “C-MEMS/CNTs Electrode Arrays for 3D Microbat-
teries,” 1 page.

Kim, J.-S., et al., ““The Electrical and Electrochemical Properties of
Poly(p-phenylene)-based Carbon for Lithium Rechargeable Batter-
ies,” IEEE, Proceedings of the 5 International Conference on Prop-

erties and Applications of Dielectric Materials, pp. 701-704, May
25-30, 1997, Seoul, Korea.

Wang, C., et al., “C-MEMS for the Manufacture of 3D Microbatter-
ies,” The Electrochemical Society, Electrochemical and Solid-State

Letters, vol. 7, No. 11, pp. A435-A438, 2004.

Wang, C., et al., “C, N1, and S1 Nanoscale Material Formation by
C-MEMS/NEMS technology,” Abs. 190, 206” Meeting, The Elec-
trochemical Society, Inc., 2004.

Konovalov, V.V, et al., “Water Transport in non-aqueous electrolytes
assoclated with 1on transport and intercalation,” Material Methods
LLC, 1 page, University of California, CA.

Lyons, A.M., et al., “Photodefinable carbon films: Control of image
quality,” The American Vacuum Society, J. Vac. Sci. Technol. B vol.
3, No. 1, pp. 447452, Jan./Feb. 1985.

Giles, J., “Plastic heralds next-generation batteries,” Nature, Nature
News Service/Macmillan Magazines Ltd, http://www.nature.com/
nsu/040216/040216-5.html, 2 pages, 2004.

Washizu, M., “Electrostatic Actuation of Liquid Droplets for
Microreactor Applications,” IEEE Transactions on Industry Applica-
tions, vol. 34, No. 4, Jul./Aug. 1998.

U.S. Appl. No. 10/798,064, filed Mar. 11, 2004, Arney, et al.

U.S. Appl. No. 10/806,543, filed Mar. 23, 2004, Arney, et al.

U.S. Appl. No. 10/816,659, filed Apr. 1, 2004, Gasparyan, et al.
U.S. Appl. No. 10/674,448, filed Sep. 30, 2003, Hodes, et al.

U.S. Appl. No. 10/803,565, filed Mar. 18, 2004, Hodes, et al.

U.S. Appl. No. 10/803,641, filed Mar. 18, 2004, Hodes et al.

U.S. Appl. No. 10/403,159, filed Mar. 31, 2003, Kornblit, et al.
U.S. Appl. No. 10/649,285, filed Aug. 27, 2003, Kornblit, et al.
U.S. Appl. No. 10/716,084, filed Nov. 18, 2003, Kroupenkine, et al.
U.S. Appl. No. 10/803,576, filed Mar. 18, 2004, Kroupenkine, et al.
U.S. Appl. No. 10/810,774, filed Mar. 26, 2004, Kroupenkine, et al.
Kim, et al., “Nanostructured Surfaces for Dramatic Reduction of
Flow Resmtance in Droplet-Based Microfluidics,” IEEE, pp. 479-
482, (2002.

European Search Report dated Mar. 16, 2005.

* cited by examiner



US 7,678,495 B2

Sheet 1 of 7

Mar. 16, 2010

L e e e e e e e e ek .
h..,...r‘Ill..l..ll.l...l.ll.."‘.......f'f.—.‘T.—...—.‘ l1‘1'1*|*1*-*.‘.| i s s e A RS FFFYTET .1‘1‘..1‘.- T T FFFPFFF | I . . . 1
1 o
¥
[ ) .
¥
[ | . - . - e e . .
. o R T ¥
e e S .
I a - a . ] x
v S . om . . R . R . . R P - . . P, e
L . - . S o . . K . . . . -, DI IR . - . " ....' ..... *
. . g e P . PR .o ' . . . P PR PR * . . . . . . . . .. '
_3_ i - A .
K ”_._l r 4 . - a " 1 - . ! - ¥
Vel 3 . . . . ., - . - \ . . : .
. . 41 . - - »
..-.l.._l.-_.I.._Ilw . v a2 - b . 1 - .. ] - v
.lr.. \ r - 0 r ' e » . . - ¥ . ¥
et . a * - 1 r - a . d * . . r an -
... . 1 - ' ' . . . - * N - Jx
PR 4 ' . . . X
..-_ﬂ_ RN T . . o . . X e . as
+ . ' ] 1 D e e e e - P . . . . - & . s - .
1 - T N N A A A . -0 ¥ P i |
v a u a2 . . . - Y [ i Rt T el Tl RO B ..ok r . . . PR . - v ll !.h-. -
.. . . . e . oh . . . .- e r —_... .
..-_ .-..”_.. ... e . . - .__“ R “ u . - LI . I.-l...llr.
x N - .. R - e .. ey .- e J ..L.l-
-_1... L Ty . ...-. .4 = . 4 . e Fop dp e .
Py iy ..-... . . . . . m I | 3 A T . r o - v . a
. . . a - .
R e e e . M . Pl e e e e e e R e e e e e e e ST L s e Y T 4 .. |
. . . 1 . . ER R R R R N Y ..._-..-.-l.-.._illl.l..._.l.-_l.-_lll . ] .M _-_T.._.
. ...-.-l..-. 1.lili.l.-l_-j.-l.-.l'.l-l_.l.l. l_l..l_._.-__.-_ I_.-l. .-_..-....l..l - I. - __.l L .....___...__ 11 -.. r -.__--. L} L] - 4 - . .-. . . -_u 1.- - | ]
- P A T T - E . I T i e T T e e P R . x - I~ F -
. . a N - m . A o4 ok - P TR R B T T R ) o ' - »
.-.I.Il.g.frl.lllﬁl..-.'..q-... P - aap e . omm Ak omos PR .1 - . - .
| I ) " .on 3 1 et F oa g a - m . — T . a " . r [
. . . e e . e . omom o A a R . - L [ 'O B R | 4 - r ' » - 3
T T . . . r maory aom am o - P . om o o Fom o Y . a - . iy
P R R O R R R R e e T T i T T T T A P T e - . . a -
& a4 L . L L -k om ok s .1 .o - .i.-.l.—_t.[...[-.l. .[.-..-.—_.-__..I.l..l._ . - ...n o
FE S R R E R R N N o el .a.il.t”-..l.__.l-_.l-I-l-l..l- P . - - » . ™ Y
re e e ow ......-.. -... Lt C et . IR .. oa M . . .-. . r » .rn
e . - . e . e ” . K . e
N i L . - Ry
K, . - - . 1, x P ¥ . - -
. R . . ., . 4 o R 3 - et ot - e T e e
. . . P . . o Jr i &
4” * - i Ta " “ - . “- -” H...H...H...H_-.n > ) .4_4..”...”...”&“...”...”...”.___”.._” o o ....al.q.._. ."___H.-H._ “..“... K
“r " . r e T T T T T ) . - : * m - e e i ; o W ln.v N NN
' 4 - . . . . oma Y E o Y o e ] 4 [ . oA — P I ) Fy ) -.....EIIT & i A % W ) M i i X ndr & U b Ak
" ‘ . r " - BN | g v e e L3 Y R R
e R S LN R R . J - - .r.__.._l..-..-_....I_ LR o ra o A g .-_....I o YL - iy ll K .._.-......r.....t.._.it.._n.._.rn.._.._.__.ti.._ e '
. -.. - . - - - - . . . . - . . . . . - e . . L ..—.. . =_. .-_.._.-_l..-. ........-..-_.-.l.-_.-..-.l..-..fi_iil.i:.ii.-_.-..-..-.. .... | ] .-.. ) - .._.-_.-..-..._..__.....r.._..r.-_.....vn l.-..__ r.__.-.-nnin - r
U ] . - a i + . . W x .._..-_ » .....-_.v .4....__. L N L Iy L3 h.__.4.r._...-.4............_.........__.-......_................_..._.r.r.r.._.... RN T
S - B ! . ' . a. By R N M ) } .
L3 - - s - - > " A R e # o
r r t F a . ) . » o Jdr om b ok Iodoh A & dr dp '
o . [ . [ - - . oA — Wl & oo Jdp dp i de dp i e Jr ool .
[ r a - - d b - d - - roh oa Boadr hom hoa deod & d Y
Ca a . r . - - ™ r . r . - - - a . op Ill..-t'.v.._..t...._.t.._.r.r " r
» - - - a . I~ . 3 - ~ Y - dp e dp W CRE ORI e -
1 - r . 1 .. '] & dip dood bl b ik h kN Nk om .
[ - - N o N N N '
. -_n o - . . . - . . » . . i} - i u .r.r.-.......r.-......r.._.l.ri.._h.r.r...il .
1 - 1 4 r = . . ' ' > e | drdr i & & oa X A a
» - . ' - - - ' h r b om dpoa mw bk a a
.k a . * . a r . - - r - . . kX i b odp b o -
X r . r ' r o - .-......._..r.r.._.r.._.._.._ o
- a a2 - [ - [ - oy
..._n * . » ‘. 4 ' o - . 4 M - - [ .
a * .. . X 5 - . . drdrdp dow b § & 0 -
. L] L] L L] = o &
. . a . . - a a . . & -
. [ . - - - . - - &
q. - -.-... . -_n . - ’ - - [ ] . r ’ ...-_ - *” . -
..l:.l.l... . e . .. A » . h ] i O kb A a )
L] 2 4 = [ ] - LI n iy o droip & -
Loty - " ) . . ; - . T 3 ...._ & b et ot R N O R R i
. - . \ .
Ak . i . . ’ 2 ] P o S o e A N e RO . k-
S *, > - * - K - " - - r " P A N I O I T L e xR
r i - " . e n ..".“.4.__.4 ML A AL Mt AL ) Aoa o a w eaae L ...._i... L
¥ - * et R N N N e N ) > i PR
L e a . - * " r " = - " P S ™ ol A AL R e S ' - [ %
., ) 1 . , . . n " Ll P T MM ) o AL IE - ¥, -
’ ’ ) ’ .u___r-q ’ . . - [ - e . r i [ - - ey d e EAEN - s
e w IIII . . .I.I... ' [ ] a r - * . . r .‘_. 1- L] .-_....lIl_ .....-......._..-.....-..__l.._. .r.-..r.r.._.... r-. . ....L
.L-_. 1. . . . ?—. P a - ] a . [ I‘I..' o [y dp i i e i 4
_ . . ” - . : . i T - - AL NI - R -
e A ) Togs > - " m "u 'y " F S N L M = 3
. a . - . . ] " a . [ F gl Tl T S A
C o T ey A ' e . R . - . ' r " A i o 3
it ¥ . - ! LI ' v 1 " - A L T L AL M SN ]
. ._...r.........-.r-..- . o . + S R o » * iy o A N M A R - 1
B i 1 At * N e o S Tt R )
. Ca M . . . Mo " B " A " e e e oy " X .
LT LA * i * - - ! T g a r ' v ' [ " e e a Y ._._l__"-".-_ > "
. ¥ N > . P * m"- ¥ Tk » n L B M T NN I R e AL N | 30
R . o d [ I . . . o ] B 4 O dp oF O o e e e o dp o e B o - ] o]
¥ A . P . a a .3 n . * F e e e i e e R e i e % <3
. FF1 P [ . P . . . . L ar ar
4” * . . A" - * " + L : : " .t....__....._..._“:._—...” _-...“._._”...“... wor ......_.....”...Hn.-m..%l”.r.....nr”._ ....rH...H...H...HJHt“...”.q“_-_ = . o “
3 ' - N g b " ) e e e W e e e ek R s i O -
' . e . . - . 3 ) R M NN N NN ) P e o A
' - * B PR L .oE - " e e T i g, = <3
YT - or * ' * T “ Ly " D e i i e
3 - \ . - e Lol el e e N R N o el SN N A R N Sl -
e - " -r . - . ] S Ly R e MM N AL A M AL S MM D ML M Rl S - )
4” . .,. ! L . . 4 1, -L...l. ..r ’ . 1, - . - * .1 uu q”._..H._._ * ...“l -_H.q”q“.r“...”...”...”iﬂ...”...“ ...._._#......l.._..._”...”t._.....“...”.._u...”...“l”....___ ...“H.-_H._.. .-_.__.i.._..__.”......_..-_.-.t.___.r.._. - o H .
¥ . : L] k - - o W|l-_.4....u4._..___._._....___| LR N R ) i .___L"".' -
' . 1 . * .. 2 1 - . >y L S MRS A N Nl ) CRC RN A e e e
1 1 ' - - - S e ek O MR Al sl o nl nl sl Aot MR AL AL u
By . - 1 - 3 el » L N N e O R N RN ) L AN SO SN -
v ‘ r B e e ek e i i e W e e e i i e
L " . - . % L) R el S e N e o AN SN NN XX Y
3 ! r v - ! - - P ) EN L I e !
I - - - - ! . ' - - - i o . g R N o b
' . - . . ’ - . [ u_v._._.ﬂ - |
e r . " - ' e ' . - . - " - Ju.. W
[] " - a - - ' - -
.-. e ' 5 ' » a r - o Y o
O . . . ey . o . - a - s
. - > . - N * [] - T ' " .. r . . - "
L] - [] F [] - & [ n
. - E L] L 1] . . [ [ ] -
[ * " ’
. N - . - - - b ! b - 1 1 - X . ......1....;.._1._1.__.-...u-.l“..........__.1 o
.. h a ' o " [ ir l- .-...;.....l.__l.r.._.r.r.-. .-...-.i. ;
[ r " d 1 . - d b i Fow
.-. 1 . ' . " . N . ll. ll
o a = » a2 1 R a r . a a .
¥ a2 r ' - -
o - . . - - o
¥ - - > i
o . a2 N r . . i
¥ - & - . - a . - - S N 3
s a a a - - [ - 1 [ 3 1 1 - . Y & i
". . ' . : . . .”. Wi ey .q.._.&”...“.q”t”
- -
W5 - . " . i " - . l"_-_.qt.q.qw...._.__-. L
v . - - i e e
' . - a ' ' d 1 a 1 - .om . o> -k
L} . . L] L] k L L] L - - r L] LI | & & K
. -.. » . } " ' . . iI . o . ...l.l. .-.l..-.l.l.}..r...
' - . [ 1 . a - L LN M)
N - - . 1 . T X " . l.-_.-. .-_.....-..-..-..-..-.l.
[ 1 a - r L] i & & i & &
] [ » . Fl - .\1 - . F] A L] P 1 ot B 5 N
[ . n - - . - . . - - o IS i
e [ .- » . r . P P a » . .._.....-_ 1.__-...._...
. - o - / -
4”.. L . . N - ol __. - - ..-_. un .__.”...H N it .rH.._H.._”...
" * ! a ' : * n ) ESCO N ) ER W i
' a - - . v r Y X i dp i & A N
* - . . B . - " At ettty L e P e
3 - . - . - - * - C - + 3 - ) M A A A NN A M R R Al 2 W L)
v . " * ' " ) n iy - s T e e R P
L N . [ . - . . - S - ] e ..._.._____._____.i..__-.....q....._.___n....-_...-_-_- R -
v ! - ' ' - . ' ' 3 - ol i N ol A "
. a 1 . + . . - . . L 3 3l T A A i A e e T
. F ] [ ] [ ] [ ] [ J F O o
W . » . - A . i - X ............4._._....._".-._-__...._-_......._._._.....4._1 R M NN MMM N
" . e - - - iR e B R L E a a R hCE R i kR
1 a W . ¥ " . ] e PECE kY IO RR O i W R R e R
*, - ' : * . i . ' - . T R I I R g M T e
1 L] L] -
”. , . - e ”. .H-.r x X H...H...H.._H.q”...u.q”i”._.”.-_n e a aa ...H.__H.r...
-_. % - . ‘al Il L] N L] L] L ] - ' - L - - - . .r.-_.-..- .-..__ .-_.....-.....l.-.l.-_ .-.I"-_ .-..........-_.... .-..-..-_
. ) : e - i o " “x Py
. a . . N . 1 - a . S Cal ) o PR A .
L3 ' . . L) . . . r n agh Rk B ] L N M A 3
¥ B - . - - - - . " n .4;._-“_._ i i CATRE R e )
Y - . > T T .. . PR . SRR + . - SEEE . PR .. " - ' . r.-.:.“l Mt l:_ » .._..-.___..rt....t.._..._.:..._.-.n.-.t.-.... .
. . e . . .o . . P . oo . - . . . . . . - . . . . . . . - . . ] . - d LY Oy
. + v - . » " R N A NN NN R o ]
- T . . T it e e e e e Y e e e . ) ) . - " B A A N " gl S o 3
' ' . oL e e e . . . R R . . .. .om a2 r e b h W dr ol & ox Jp o droie i g
.__h * . -_. - - . . i1 :- 1.-.........1....-_..1.-..-..._.-...1.-...._...-.__ 1.._.1..1.-.. ....._ ....-..-..........-_.r.-_.-.....-_ Il. )
» | Lo e 1 Y ' ' n T i h dr iy il e d e ey dp e iy dp
a 1 . [ . - . ] A 4 ek i ok h M B 4 o b Mk h a
N a a . Y . ‘o . - L “a . 1.__.__.........-..-_.r.r....-_.-..r.-....l..-........__......_..r...t.l...rh.-.r.._.__......_.... dp dedr b ek K 4 oMb dr dg b om kA .r.-_-.._..q..____.!__tn.-.....-......._.........n.... & i b i a
[ . ¥ oa . * - r 1.._...__.._..._..._...-..r.......-..-.v...n.-...tl.-_.-..rliln..-..-.ll.T....-.l......._.v.r.._.v.._..tll..t...l.
e B . F . - L L - . - g B s e R e e W -
ey * 1 N 'y “ * " B e
) Pl - * . ' - - * A - B T e Mt R P e T i L P i P P L i T T,
R * - . .-_h L & LI . R - 4 T T T e e T e T i
B o T o . - - Ta e .
.I_I.I.._.._.._.l._..ll.r.rl.r.r i EET r ¥ - ]
el S R R .a . a2 ' - -
.—_... ..._l-.....u..._-.u... . L .li.-. A, 4.. . ...... 1-
R T S R . . L a 1 . “u A
TN .u....r a . |hl._ ) S . -_L - . r a .-
e L . IR W Sttt T ..._.l.........._l._....._....._ . LI . . . “u 1
-._.-.-_l_.l..-._l..-_.ll.__.ltll.ll.__.ll....t.-_.rl.r.rl.-_l .r__.rl..-.l.n.-..-.l.-..-.i.li L .__l a L
P . . . L - . e ]
., " * i N "
o " . . . L o ) A
" ..__h . r . . d ¥ e * 3 ' “u L
] . . . . . . . ]
'S A . " L M * P . ' A [
" * * ' » ) " *
o - . - \ R PR ATR TR TR . . ST *
" s . . . . . . Lt . . . . ., “s
.I‘. Fl * . | . 1 .“ *
- . . - .
l.._ . r N . - . - 2 a . 2 a -
.ok .o 1 T . - . " -
- .
[ ] - [] - . m r . . A
LTt . [ . f A . ¥ - A T4
A - . 1 1 1 a a1 .
K . . e
h - . . R P C . - WS R e S - . R . .o ‘. I
L P . L B i . PR . L. . L e e e e e ... R R *
.l____...__u.__.r._..i.-.v.._..-il.l.l.l.l..l.l..l...l.l.ln...t”.___ N R TR N A S R A AL AL Al o S bl Ak el b dal ht Sl Rl il el Al b Tl it Tl Sl Sl el T Tl ¥
.- . . . . . . ) [
.- *
L ‘a ]
- .. *
o .

R WA AT A

U.S. Patent

. . . - Ak EEF R
R . e ass'a l.l,.i.,.l.,.l__nl.,.l...-.__l___l__l__.-.._.-..-i..!i.l_..__il1l._..l.-.!.-.nil-l-.l-!-!...-...-..l—.l.l..l.[.l.l.l.l.! L .-...... odp e ol oy R L]
P . . . P . P e e s . .

e S
P . .



US 7,678,495 B2

Sheet 2 of 7

Mar. 16, 2010

U.S. Patent

. b I i 4 b A F b E L KN . b g g
. P . . ! ] e 4 ! i " PR . . . . . . - . . . . . . . . . . . . .

- - .'l. - - - - - - - - - -
. L o ol T . . . o
e SN o . . e
..ll”.l_.I.-.__..._ll_.....l.ﬂ-....... ".._ . - . . . . ..
L ” T L . oL . . . .
Pl sy .
S S R SR . L S .
'..In.__. .__...-?ri,. . . ”[ . . . . .
. . .......Tl-..n‘... ...” I.”. ..... . . . .. . .”. P
L e

t..l._.l.t.. . . . ...l._...r.-.._.............._.__.r.l.-.r.ri.r._.t........__....q u * o ; e e e e e . . . . .

. v ooa F —...—..I. PR P P oe o e o x w aww P . P T .
- .
. [y . . . . . . . . . .
e
. . . . . . . PR PR . . PR . - . . . . . . ek A A M [ .
. . . . . . . . . . . . &+ .__._-..__.-_.-_.-."”.-. ! .
" ax r.__.....__.._...__.”n....__...l“-."IHi".-.
. T R T S I .. .. .. . N A BN A A A N N .
. e R NN NN ) . . . - L. L . o A d e Al Ak
: * P e o . ; T
Wk o b e Rk ’ s ; |ui o
. . . . . W Lo i
u w0 R el Y
. . . . r Lt M it T
! B
R RN N N U ) . . .
ORI N _-_......"-_u-_“t .
. T W) Pl Y
. . . . . i i [ lL-..-.l .-_.IJI.._..... - - . . . .
Ll N e ) .-L.. . .
. : . PO N el . . . .
) o )
- . P b P . . . . .
. ] P . . . . . .H..r P
R R R R ] -, .
- Fa
. . . . . . . FF kg o ot ] -
Pl [}
- . . . . PR . . . ..._1I.-.I.-.-..-_II-....I.-II_-.HI_ * -
e N N i o e e e
R .. R o s .rv.r..r.r._...._.-..lll.r.._._......rt.....-_.r odp. .
. . . A KR
. . . . N
" ! PR S Sl
. i i ir Bk o B . .. . . . . . - h.-_llll.ll. 4
L e NN MR L A e} i F "
&+ . . . . .
Mg .-....._..-....—.r-_.-_l....._l...ua....-_.q.-..q.a.......q:..._.r... g i L R
. E X g dp a . . . . . o oo A L r )
..r.r.r T k
Valaw - N N e N W
. . . . 'y Ea N R ) % -
3 O e R T e e R Rl £ KW
. . . . . . ] xoa g o i i dr i W& i W oy .
: I IR L R o :
- . ...._“..1.._.._..._..4._...._...._.. i L, ;
3 P P o -
d A4 -
.l -
. ..l.-_.'.'.-_ L . . . .ﬂ-.. i .
. . . . .-_....I.-. . _-lwu-. “ ] PR .
. Y | .l.". = - R
. . - ¢ o F X r .
; RN N )
. PO R A
. Rl e )
Ll e ) »
A L
. R X .
4 .a...‘.‘.*.l"‘.l..‘.l.‘.l.‘."..‘.‘."""I".{T‘."-‘-'I.-.—.l.-‘—.‘_ ‘" '- L] 1 F 11 . .
m. . . . . .
. S .
X . . . . .
. X . .
S . . . . .
. T . . .
.. L, . . . . . .
___.%11.-_ e ¥ A ) ) ; ; ;
. . FN ] o [} [ - . . . .
W .._..__.“_-.___-_L__ﬂ-"u weararetetal ;
: LN ) l“T._._.-_.-. » g
- F o e ) tL..t...q_. k- . . . ; ; ;
T ow W W ] I' - - - - - - - -
* "
: O R R . .
. . y oy A . . . . . . . .
» el e XN ‘)
- .-_.-..-.l..-..rl_.-.:. NN » .-_.-...-.l"i”'. L i -I. . . . . . . . . . . .
- R L SN L N N ) . - . . . . . .
; X T a A e (o)
- P ™ W L3 [ - - - - - - - -
W, -y ".t-
" [ x [ - . . . . . .
I-. [y F L
’ s L T N N R T e M N e, » .-“ i : : . . . '
PR T N AL N R N M » .. . . . . . . .
. A . ¥ DN SN S W . Hll . . . .
. / ; : ! ” .. . . . . . . . .
- [ ]
. . Lh ". . . . . . . .
L]
- 3ol - ; .. . . .
el el S e N Nl -
. . . i...li.r.-....-..-..-.l... a [ . . . . . . . . . '
AL A T NNl AL 3 A AL NN R
) . ) ._.....r.-_.r.__.....rh.r.....r.._.—. f "N .-_.. . . . . . .
. L. e w aTE .. . .
* ]
. . o . . .
. . .
.-.... . . . . .
[ e .
- L] [ Ll B | 1 - -



U.S. Patent Mar. 16, 2010 Sheet 3 of 7 US 7,678,495 B2

. . . . . . . . . . . . . . P . . . . . . . . . . . . . P .--..' . .
) ) ) ) ) ) ) ) ) ) ) ) ) {.{Jiﬁa.
. . . . . . . . L . R
&+ |
.. . P ..... - P ....... P ..... . ... . .;;.... .. ... ..... ..........l."."... |..... . .... PR .. . P 1. . : . . ) . . . ) . ..". _‘-f .".: . -
s .
. oy \ e T
KN L R ) AR E L LER
Xy 'y . e
r L
J e X X . . .
M F r i .
L) s
LA At .
. . v Ly e
1-:4- :Jrl'l J.-:Jl-Jr - - -
AN x i o .
. 4.* ‘.tb .‘4.* P .
T i Lt -
- L] i .
*Jr q-Jr* l'*! - ’
" :.." .: L
. . .
r L] LA ]
g “b .'-'b ltq. -
y el . :
. .
i b B r .
e o - - .
' - i W r T .
> L) - ot - -
L i W L ot
.. ol ] v e e
- . ot -
Sl o . .
. * IR .
e o .
" o .
r - -
& -
. .
\ .
lh -
l‘ -
‘. -- - N
L] - -
.. . . .
: .
| 1, T ..
. n.".. .
Lt
. _...'-l'- L =
,
,
&+
;
3
.
]
;
;
;
»
.
F
. T . .
.
s
G . . .
., ‘o e W
e .* ol ol ol A N e i e nE et e e e e RN N A RN RE E R E Rl AL L L R . .
. . .“_..-. .
. et
‘ -
Tt
AL
- . A .
0 0 0 -—- - 0 - 0 - 0

': T '.Z.':Z:Z.Z.Z.Z. T e '-'.'.Ef?.':iég- :Tﬁfz'

b b

*,

N N R R R R R N R R )

' [
T T T T R R R R R R R R R N R N R L e A e e i L

FrEFEFFFEFFFFEN

.
-I-'.l-‘-l‘-lhibl\-l.\.'\-l\-l..\.‘

R
L] . ]
_ s TR Y : - -
e h--:.. p - ;
PR - » ek e R |. - . P - . . . . . . . . . . - .
. PO I S T N, v _
gt - -
. . . . . . . . . . . . . . . . . . P T T T T T T T T T T T T O e . . . . . . . . .
. PP T TR T T T T 2 4+ FF PR Fy sy gy gy ygmmhdsdis o+ EFEEEFFFFYFEFEFEFFFPTPEEREETR RN IR RN E IR EE R R OER .
R R R R ERERERERENEREI I I IR N R L [ T i T R R Tl T T e S e . i . . . . . . - . . . . . . {:' ,"..'..e'.} . . .
. L3 ]
: : : - N N :
. . ":. ..."
S SR R T T R L I A i Rl b b bttt ¥ Co ' . oo
g R ERERER -t
.‘_. . . ‘- .
.‘_. . . . . . ." P . .._.‘. . . '|. . .
o, et efy T .
. A S - . .
N et we e e e .o .
. .",' '.'4, . LB - _h'.' . - .
T, 4, E‘.'..h.'.w. LN " . . .
-'] . . . . . . . . . . . . . . . . . . . . . . . . . . ‘- . . . .
- .
o et et et ettt gty gt P L T T T o T T R T R I T e e T A T i e e dndp om e oo ook A F R SRR EEFEEREETERE
. - . B * . .
e e e e s e R BB B bk B Ak B4 4 4 L
'.;uﬂududuﬂdﬂdﬂndndéénéhﬂhﬂhﬁﬁ¥t{{¥t{{{€¥-HHFHHFF5FFF5F5F5FHF“““FFﬁ"ﬁ“FﬂFFFFF“F“F“?‘T““‘T'T'T*?*T'f'f'f*f'f"“f'f'f'T'T'T'f'f'f‘f'f‘f'f'f'T'"lrtﬁf'_ ST T
‘. . . . . . . . . . . . . - =, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . r- . .
.'. . . . . . . . . . . . . . . . . . . P . . . . . . T . ¥ .
- T
o m . L
... ‘.
- 2
P . . . P
r -
L] s
':.. . * -
r .
" " N = PR b & 4 8 kK B B _B B _ 8§ 4 %+ 4 4+ 44 %% F%SFEEFEFSEsyYSyySyyyyy - a .
. o oo P Do s . . N A A S A I A I I I I N T R T TR FEFEEEF EEEEEN] -‘#**‘****-"*""""“lllll“llI-l'llllll-l-l-l-l-l-l-l-l-l-l-I-II-- P Ao o ow . P e .
e e e e e e e e e . . . . . . . . . P . . . . . . . . . . . . . . . . . . . :.."-n. ‘ .:"i‘. .
e e . . Ce ..._-... .:_'_. - k
. -...I' .-...- h _.-la .-'.
LI, B gl i g 1 i 1+ *'l.'.*l'.'.'l*l*l.*l*l*.'l*I.*I*I.-I-I.*I-I.hlhl.hlhlb.blhlh.. h.b..." l"...‘ :

. . i a1,
- '*"-'* "¥ o I I L P L L L I I T L I T B T T T P P L L L L R A e ) L L J - -
. : CNCHE :-" . :
» . AL ...'_. -y P . . . . . .
Il,.i + L ] L .
- - ‘u b o - . » . .
1 RS o 3 o .
s Byt Bgmt e .
. PO e . . . . . . . T . S . . PR . . . . e e e e C e e e e e s PR . - '.*. R N TR U R R e e e e e R R . . . . .
L e R L E R E R E T N T N O R l"q-"-q.'-q."-q."q.'1."-.'-."-."-."-."-.'-.'-.'-.'-'-'-'-"-'-"-'n"n"n"n"n"n"n"n*t"-"‘-"‘."'."'."'-"'."'."'."'."."."'. B . . S . . . . . . L. CELELEE A B . . . . . . . . . .
il Tl Tl Tl el B .
S O R T AT T T T T T ST T T T S DD DD SRR
T e N O N R R R R R R R R R R R e e e - . .
. LT . [ Sl
-
A . . P P . . P . . » - .
' Sl e B S i e ;
P . . . I ICE O I e . o= g s . = s Com e . PR .
- - | T ] L - [ F T q 4 a
- & - . . S BN B I . . . Com A » .
. - & - L ] | ] LN - 4
] [ . SRR N IR A .. e PR - » - . .
. . » R . LN - "
C o . . . O YO .'.|..||-. . .o s .I... OO . L . .
- Wb R g A By _ L Ly .-
. L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PR D e e e e . PR . PR e e e L, ..'..'..'.'-'1'..'..'-'1'4 q.q.* *.* '.'.‘_. . . .
- . . . . . . . . . . . . . . . . . . . P . T e A N N B N R S i il . .
-."-.\-.'-."1."-."q."-.‘-..-..-."-..-.-l-l-"-"-"-"-"'n."'n."'n."'n.qn.q'.'uq rrArEY *.'.'.-.h.h.h.h.h.-.h.h h.b.* *.......'.'.b b.' ‘.'. .' '." * ‘.‘ ‘.‘ ‘.‘ ‘...... ....I'.I' I'..' I'.I' l.l I'.I I.I I.' Lot . Lo, . - . - A e e . . . PR A e e e e e e . . . . . .



US 7,678,495 B2

Sheet 4 of 7

Mar. 16, 2010

U.S. Patent

IIIIIIIIIIIIIII

L N 311

llllllll
]

/09 RTRR R R AR R R AN AR AR AN SR OROBORIRORY

019 019

. e G09 700
119 119 /09

--------

AT AT T TINT A T TTIL T IOD DT IO NSO TN T L0

509
R 5.4 _ 808

| . ] ”O@
u 4 - . g "
a4 . r I . T T I B L T T L T T L T
. i . T LR T P e P
o T T S SR B R
1 bﬁq tihl.__...‘__.._r.__.._.._4..._._..1.-._..-_.__..lll-=-.._-..ill...l...
.._.‘ - - u | ] - L h | [

AAAARNA BN BB G et

609 609 (05

9 Old



495 B2
US 7,678,

2010  Sheet 5 of 7

Mar. 16,

tent

U.S. Pa

FIG.

-
[ 8
v
W"’a + -+
-
- " -
i B L]
Eow L] - N
- ¥
- . A - -
-I'“ r - v ] T i
— .
- = » * » =
A niriviriinty LA - * . L r
o [ » 4
L] -
r L] - - ™ . W * -
4 * L] 3 L]
- L] -
W . ) . ] ] . - - L]
) - " . s F
i W - - " * . L]
L * L] ".. i a - . - -
PR - * v r - i * a * T
¥ L 4 .
] - - * - - - - r o - n b + -
L] - e
e » < - - - . - + -
N L ] -
w -+ * T * " - - " - * . T 1 = + .
L ] 4 L] I -
- - ] ¥ L) N ¥ * - *
L " * ] * [ L b - + r h "
. o L] F] n
- - M - b 4 - - ' ¥ -
. L - E . - Il
+ . 4 I ] L - . i . L]
T
. . r - 4 . ol - h - . - ]
" M - [ ] l':.p
- a - & . i - -l-.--ih
2 - n - - - * . L] xr ol - - & - 1*‘-"*
a » » L] r » "-"l" v
x z a » L
- - [ 3 * : ¥ “r‘ii. LY
. - » - r » . ' - w > - - "i-ii-.l.’
: . - . - i-"'l;-tq.’.
- L] b * . 4 . o 'T-l“ll--t "'ﬂ""-i"-.‘
. r ‘_ L] - - - iqllr. n,- 1Y "‘i“"ll-u
- + a - r "'"‘lr* l-jlll-*,-\._'
- - - . - - - r . . i""""q--r q..h-".‘**
w 1 ¥ L ..1-..,_‘ "ll"'lgihq.
': . I oy - -ii-l‘..l‘a.;._'_ ll-"i-.-l-q.‘,‘I
- n e L Iy ] L | I-.-tq, [ ]
- L] L} ] Ll ] ] L]
- L] . - - ‘fl"d '.-IF -I""-..I-!I-.,... ""‘F"l'i*i -
- -l-'t;-,., ;.-p*-.' L ...,.-‘_‘l -
- . - i-nql-t-,, e e AT, - '1:*-!4.4
. . - T » '.‘* :.i..,',.,.,' "'F'“.‘"
. F,itu l-""‘qfh.-‘ 'p""'.'..-'_" +‘|*"I'
l-pn'.-l...,. F-‘-‘ll-'f l-l.‘.l"‘* l'i,.f.',
Fb"‘..iqi' J--'l-----m-,‘IF 1'1--.. 1,7, """"il'-p'
. 'I‘l*'nr-. "'F"'l"i"-l.. 'i-"--l'"rﬂ. 1'""" Lt .
i'l'.-n.:-i-q.q_' tl*ic-.*_ 1*--!;*.- --l-'I‘l.,'r-.-"'
",'._‘“ F-l.“,ql' L] ""\l.‘l... n.p!-...;i_l'-l.
:.l--r..lu--.,‘..l .,l'q-. ..*1_ -i""-. ._h i‘-!‘.-_'_.
""'-*’"'l. J....l... .b._ [ "‘l-ri.., k"“""ljb
“""'"‘-i.u "'r""l-“'-ii "-ri 'l1.-.|.. """-l"i'
FLroa L F """'"“"-""‘l-- ""*'l'l-"p-,.. ‘*'*t'tf'
tlﬁv.‘-._b l*.l“'ﬁi. 1"'-.,'1. "'*"‘-llql'
L L] + & * oa - r
q:.'-q-.., " 1l-.| .i_-, !.l'i.-.'l LA ..,-p,r
ll-'“'r..ln-q‘_' LI | ...-lr.."_ .'.-ll-‘_‘":.‘* 'l-‘"i-‘q-l.
|-|-|- » * 2 oa L . -
Yo fn'lu., l-ﬁﬁnrda-._' - LI * .
' Foa .""hr l'q,,‘_ | r*v,.., T !-l‘-i:“
v ‘-i"-l-...l-..;‘ 1:..1,,**," "‘ﬁ“‘l- L.
irl'.‘.-h_‘_‘ 4"'*1"* "-"l"*lr-d
. ‘IH""J-.!I.* ey e, "‘"i-'*
l"*.,-r‘-_‘ "’i.‘." -...J.-.:t.l'
. 'l'n-*:.-..-,,' -H‘l. :.l""*‘ I-i--_ . oy
jll"“'l }"'l_'-.* q-f.i L
- . - r - . . ",
1-||- t- + rp.** 'l-qiil.- .
‘\*"l--f-l-* - "-l-f*_i._‘ * Tf‘y*
L] l.'.-,‘l‘ -:-i.,'#.l - + .'1'
t‘*u.i-.. . wﬁr*.,i' 1-.‘,+'n
*',"l'nn e e LY * "*"t‘
4 I-.,.-.l-q._'_‘ [ "'"""rb ‘h"'.‘f."
TR x4 .i,__ t.._‘_,' L .-‘f.fvu
I"""'q-lrp..‘ + 2 b B -|-'|l'u‘ L3
“"l'_‘_"'-l-.pl:. 'rﬂi.. -« . Ir..-.‘.-'.'l'r
L' ..hI'I"""i- 1 "n*i' TR -
] l-'.#.,‘ I'qq'l-.. & d
lnlbii . - r &,
- - * -
- ...-p“. i-l'.,* b
“rf‘-i-ilpi 1-1'1-,1-""'
"k ow ._..vt i- » ¥ T
!'*"‘-..-r.‘.“ * oA
\-“-1.: L -
J.l'l.‘.,.-‘-r
T e o » 'k
1.-.,*-."1-
....'r- -
- "
s
du/
i

FlG.




US 7,678,495 B2

Sheet 6 of 7

Mar. 16, 2010

U.S. Patent

ZRVimVigrimvinr

018

™ '
- z
-
.
+

7 7

L
O N
O I
& I
ey
<

s B I

&
&
O I
S

V) b

—
R-

R-

L I
U
O
Q -
S
Q

> .
>
o
I

T

/) U V4 Ky

908

508

§ Ild

vilvd

L] v . - - - L -

iiiiiiii

::::::::

RVIRIRVIRVRT SR R AN EN AN A RO ANSNON O NN Y

T e ey
| I ] == m -

iiiiiiiii
-
-
=

''''''''

T T T T T T T A T T TR T T I T T T T LT T T T d A T T L T T LT L

603

llllllllllllllll

¢ 08



U.S. Patent Mar. 16, 2010 Sheet 7 of 7 US 7,678,495 B2

901
902 |

."‘ £ " . » T - B
- -
r M " . ) ‘
4 R . .
[ ] - * » L L) L] - - - - + - - - . . - - .
a . + - . . - . N - . . . .
) - - .
" . .
¥ - I .
r L - - X .
L]
» - M - . -
1 - l .
- . . ‘
b - * . - ¥ *
. - . ' - . ‘
L] - ]
» . - .
r * r - ] n )
' *
r *
L] . l -
— - - S y:
. f o = p
1]
L
- 4 om '.f“‘
- &+
LR *“_'b
"ll 'l'q-."
LI :
> g4 )
e II 1"1..
'b.‘ < 4 o
- T T a
rlﬂv1
LI e
e F +
a n g .
o o+
h b PP
-
4
v at.

b [
- - . i - » - - L] F] - r .
= - * - r . - - L] * a . ] | L] x . a - . - .
- n 4 Es + * I~ . * v - . . . . F
- [ n . [ ] r - - - L . 2 n . - . - - .
, [ ] - . - - . E] " . » L] ™ - - o . . i i X
' * L] - a . } . . .
- a . .
* - . - * . . - - - ‘ = - ‘ * * r 1 + L] - - . T a - "
[ ] : * + 4 * - - . L - " - . L . - - " . a +
a - » - w - - . o & = 2 . a . . . . . ] . . b ‘
L L L] - - - L] - * -+ L] v + . - . . " - R .
" Y ' ’ . * - * ! + +* . = * 1] - - L - - . -
a - v - i . - . .
1 » . - T " - " . » - a . . " [} o
' ' * E]
r L Y b - > . [ d [ - ] L]
* L ] - F 4 a .
1 - * * * -, . . 1 - - . . 1 - - r » ¥
] L [ ]
- =
- * - ] .
) " ' "o < - P -
y 3 » [ x [
- L] 1 -y
4 » L ] * K FF ¥ & F]
* ¥ - L
- - oy -« E I " [ ]
g k 1-
i * L I £
L] i*l- " L . L] . .
- | Y + :‘*' .
5 - )
N + k o ARt N,
. N R e
) iCh LI
A . [ L] L] -
* L] . e r
a4 L | . " , . A .
+ e oa
r L= \
ir L ] .
* * o -




US 7,678,495 B2

1
GRAPHITIC NANOSTRUCTURED BATTERY

FIELD OF THE INVENTION

The present invention relates generally to batteries and,

more particularly, to microbatteries formed using graphitic
nanostructures.

BACKGROUND OF THE INVENTION

Many beneficial devices or structures 1n a myriad of appli-
cations rely on batteries as a power source. As shown in FIG.
1, illustrative liquid-cell battery 101, 1s characterized by an
clectrolyte liquid 102 which provides a mechamism for an
clectrical charge to flow 1n direction 103 between a positive
clectrode 104 and a negative electrode 105. When battery 101
1s 1nserted into an electrical circuit 106 with illustrative load
108, 1t completes a loop which allows electrons to flow uni-
formly 1n direction 107 around the circuit 106. The positive
clectrode thus receives electrons from the electrical circuit
106. These electrons then react with the matenials of the
positive electrode 104 1n reduction reactions that generate the
flow of a charge to the negative electrode 105 via 10ns 1n the
clectrolyte liquid 102. At the negative electrode 105, oxida-
tion reactions between the matenals of the negative electrode
104 and the charge tlowing through the electrolyte fluid 102

result in surplus electrons that are released to the electrical
circuit 106.

As the above process continues, the active materials of the
positive and negative electrodes 104 and 103, respectively,
eventually become depleted and the reactions slow down until
the battery 1s no longer capable of supplying electrons. At this
point the battery 1s discharged. It 1s well-known that, even
when a liquid-cell battery 1s not mserted into an electrical
circuit, there 1s often a low level reaction with the electrodes
104 and 105 that can eventually deplete the material of the
clectrodes. Thus, a battery can become depleted over a period
ol time even when 1t 1s not 1n active use 1n an electrical circuit.
This period of time will vary depending on the electrolyte
fluid used and the materials of the electrodes.

Batteries having at least one nanostructured surface have
been recently proposed wherein nanostructures are used to
separate the electrolyte from the electrode, by employing
certain so-called electrowetting principles, until such a time
that the battery 1s to be used. An example of the use of
clectrowetting principles applied to batteries 1s described 1n
copending U.S. patent application Ser. No. 10/716,084 filed
on Nov. 18, 2003 (heremnafter the “’084 Application™) and
entitled “Flectrowetting Battery Having Nanostructured Sur-
face,” which 1s hereby incorporated by reference herein. As
disclosed 1n the 084 Application, when it 1s desired that the
battery generate a charge, the electrolyte 1s caused to pen-
etrate the nanostructured surface and to come 1nto contact
with the electrode of the battery, thus resulting in the above-
discussed flow of electrons around a circuit. Such a penetra-
tion of nanostructures 1s achieved, for example, by applying a
voltage between the nanostructures and the electrolyte such
that the contact angle of the electrolyte relative to the nano-
structured surface 1s decreased. When the -contact angle 1s
decreased, the electrolyte penetrates the nanostructures and 1s
brought mto contact with the electrode.

Thus, nanostructured batteries (also known as “microbat-
teries”) offer distinct advantages over prior art liquid-cell
batteries, for example, 1n terms of performance and may hold
turther advantages 1n terms of battery type and application.
For example, lithium (L1) 10n batteries are well-known bat-
tery components which supply power to a number of elec-
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tronic devices (e.g., mobile telephones, cameras and laptop
computers, to name justa few). As 1s well understood, lithium
1ion batteries generate current due to the flow of lithium 10ns
between battery electrodes.

As 1s also well-known, carbon serves as an excellent elec-
trode material for batteries. In particular, depending upon the
crystalline structure of the carbon such material serves at least
two different functions: (1) so-called “glassy carbon” which
is characterized by sp” type chemical bonding (where each
carbon atom 1s bonded to three other carbons as 1n crystalline
graphite) but has no long-range graphitic crystal structure.
For example, well-known phenol-formaldehyde (novalac)
photoresist patterns form glassy carbon patterns, which can
serve as a current collector electrode due to electrically con-
ductive and relatively chemically inert properties; and (2)
so-called “turbostratic carbon™ which 1s characterized by a
random orientation of graphitic domains, the term “turbos-
tratic” indicating a type of crystalline structure where the
basal planes have slipped sideways relative to each other,
causing the spacing between planes to be greater than ideal.
As 1s well-known, graphitic domains intercalate lithium ions
thereby serving as an excellent electrode material for lithium
ion batteries. Such graphitic domains of carbon may be
formed, as 1s well understood, from thermal decomposition of
certain polymer materials such as poly(acrylonitrile) and poly
(p-phenelyene).

Carbon exhibits different properties in a solid state as a
function of the type of bonding between individual carbon
atoms. For example, diamond and graphite are well-known
carbon structures exhibiting different material properties. In
diamond, each carbon atom 1s bonded to four other carbon
atoms, such that each carbon 1s centered 1n a tetrahedron and
surrounded by four carbon atoms located at the vertices. To
establish these four equivalent bonds, the electrons 1n the *“s”
and “p” orbitals hybridize thereby forming sp” bonds. In
contrast, graphite consists of planar sheets of carbon atoms
configured in a hexagonal array where each carbon atom 1s
bonded to three other carbons through sp” hybridization of
orbitals. This type of bonding creates mechanically soft and
clectrically conductive materials (as contrasted with dia-
mond, as discussed above, which forms a mechanically hard
and electrically insulating material). In addition, the space
between carbon sheets 1s relatively large, thereby enabling
intercalation of other elements (e.g., lithium).

In the case where planar sheets of carbon atoms extend over
long distance (1.e., greater than 1000’s of atoms), the mater-
als are considered crystalline. In glassy carbon materials,
only the nearest neighbors may be co-planar. Between crys-
talline graphite and glassy carbon, lie a range of morpholo-
gies where the size of the planar, sp> bonded, domains varies.
For example, turbostratic graphite 1s a known material where
the sheet size 1s relatively small (greater than 5 nanometers).
In terms of lithium battery applications, depending upon the
degree of order 1n the sheets they may be layered 1n a manner
that 1s random with respect to both translation as well as
rotation (see, for example, T. Zheng et al., “Effect of turbos-
tratic disorder 1n graphitic carbon hosts on the intercalation of
lithium™, 1n The American Physical Society, Physical Review
B, Volume 51, Number 2, January 1995, which 1s hereby
incorporated by reference herein (herematter “Zheng™)). In
Zheng, supra, 1t 1s shown that the ordering of turbostratic
carbon layers 1s essential for achieving significant lithium
intercalation. Further, Zheng has correlated lithium 10n bat-
tery performance (1.e., capacity) with ordered layer stacking,
within turbostratic carbon domains.

Additional work, for example, by C. Wang et al.,
“C-MEMS Technology for Li Ion Microbatteries”, in The
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Electromechanical Society, Inc., Abs. 445, 206” Meeting,
2004, which 1s hereby incorporated by reference herein (here-
mafter “Wang”), explores the use of glassy carbons in the
formation of lithium 10n batteries. In Wang, supra, a tech-
nique 1s described which forms carbon patterns from pyroly-
s1s of certain commercially available photoresist matenals
such as SU-8. As 1s well-known, SU-8 i1s based on a resin
available from Shell Chemical, Epikote 157, CAS#28906-
96-9, which 1s a bisphenol-A based multi-functional array. As
such, as will be well understood, the various material prop-
erties of such a resin allow for the formation of a glassy
polymer that, 1n turn, form glassy, amorphous carbon upon
pyrolysis. Wang employs such properties to fabricate and
characterize completed microbatteries with posts of
C-MEMS doped with lithium for anodes and dodecylbenze-
nesulfonate-doped poly(pyrrole) (PPYDBS) for cathodes.
Wang claims advantages such as an increase in the total
available surface area for intercalation by using high aspect
rat1o posts, and creation of posts directly using a photosensi-
tive precursor to carbon. However, despite such advantages,
the efliciency of microbatteries based on intercalating lithium
into glassy carbon is relatively low.

Theretfore, the availability of graphitic nanostructured bat-
teries which can be used to deliver more eflicient (for
example, 1n terms of power, size and life) lithtum microbat-
teries would be advantageous.

SUMMARY OF THE INVENTION

Accordingly, we have realized that it would be extremely
advantageous to fabricate a nanobattery having a graphitic
nanostructure, for example, a graphitic nanostructured
lithium 10n battery.

The present invention provides a method and apparatus
wherein a battery comprises electrodes formed from a gra-
phitic carbon nanostructured surface. In accordance with an
aspect of the mvention, the nanostructured surface consists of
a plurality of nanoposts formed from graphitic carbon (in
accordance with the preferred embodiment graphitic turbos-
tratic carbon) through the use of a pyrolyzed polymer,
wherein the graphitic nanoposts serve to deliver both an
operational feature (i.e., dielectric/electrode) and a control
feature of the nanostructured battery itself. In a further
embodiment of the invention, the nanostructured surface con-
s1sts of a plurality of graphitic carbon nanoposts wherein a
select portion (e.g., a top portion) of each nanopost 1s formed
to serve as the dielectric of the nanostructured battery, and the
balance of each nanopost (e.g., a bottom portion) 1s utilized to
impart the control features to the nanostructured battery.

Thus, 1n accordance with the various aspects of the mnven-
tion, the graphitic nanostructure serves to both deliver an
operational feature (i.e., dielectric/electrode) and a control
teature of the battery itself. More particularly, with respect to
the control feature each nanopost of the graphitic nanostruc-
tured surface 1s disposed 1n a way such that an electrolyte fluid
ol the battery 1s prevented from contacting the electrode, thus
preventing discharge of the battery when the battery 1s not in
use. When a voltage 1s passed over the nanostructured sur-
face, the electrolyte fluid 1s caused to penetrate the nanostruc-
tured surface and to contact the electrode, thus activating the
battery. Accordingly, when the activated battery 1s mserted
into an electrical circuit, electrons will flow along the circuait.
Advantageously, in addition to forming the battery’s elec-
trode, the graphitic nanostructures of the present invention
also allow for the control of the graphitic nanostructured
battery thereby improving overall battery performance and
battery life.
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These and other objects, features and advantages of the
present invention will become apparent to those of ordinary
skill 1n the art from the following detailed description of
illustrative embodiments thereof, which 1s to be read 1n con-
nection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a prior art liquid-cell battery as used 1n an
electrical circuit;

FIG. 2 shows a prior art nanopost surface;

FIGS. 3A, 3B, 3C, 3D and 3E show various prior art nano-
structure feature patterns of predefined nanostructures that
are suitable for use 1n the present invention;

FIG. 4 shows a further detailed view of the prior art nano-
structure feature pattern of FIG. 3C;

FIG. 5§ shows a flowchart of illustrative operations for
fabricating a graphitic nanostructured surface in accordance
with the principles of the present invention;

FIG. 6 shows illustrative graphitic nanostructured surfaces
fabricated 1n accordance with the illustrative operations of
FIG. §;

FIGS. 7A and 7B show the operational and control features
of the present invention in an i1llustrative graphitic nanostruc-
tured battery;

FIG. 8 shows 1llustrative graphitic nanostructured surfaces
having select dielectric tips fabricated in accordance with the
illustrative operations of FIG. 5; and

FIGS. 9A and 9B show an illustrative graphitic nanostruc-
tured lithium 10n battery 1n accordance with the principles of
the present invention.

DETAILED DESCRIPTION

As used herein, unless otherwise specified, a “nanostruc-
ture” 1s a predefined structure having at least one dimension
of less than one micrometer. The term “feature pattern” refers
to a pattern of nanostructures. The terms “liquid,” “droplet,”
and “liquid droplet” are used herein interchangeably. Each of
those terms refers to a liquid or a portion of liquid, whether in
droplet form or not. The term *“graphitic” refers to a three
dimensionally ordered array of carbon atoms with planar
sheets of hexagonally arrayed atoms stacked i1n a defined,
repeating pattern.

To better facilitate an understanding of the present inven-
tion, a briet discussion on nanostructured surfaces follows.
FIG. 2 shows an illustrative nanopost pattern 201 with each
nanopost 209 having a diameter of less than 1 micrometer.
While FIG. 2 shows nanoposts 209 formed 1in a somewhat
conical shape, other shapes and sizes are also achievable. In
fact, cylindrical nanopost arrays have been produced with
cach nanopost having a diameter of less than 10 nm. Specifi-
cally, FIGS. 3A-3E show different illustrative arrangements
of nanoposts produced using various methods and further
show that such various diameter nanoposts can be fashioned
with different degrees of regularity. Moreover, these Figures
show that 1t 1s possible to produce nanoposts having various
diameters separated by various distances. An 1llustrative
method of producing nanoposts, found in U.S. Pat. No. 6,185,
961, entitled “Nanopost arrays and process for making same,”
issued Feb. 13, 2001 to Tonuccy, et al, 1s hereby incorporated
by reference herein in its entirety. Nanoposts have been
manufactured by various methods, such as by using a tem-
plate to form the posts, by various means of lithography, and
by various methods of etching.

FIG. 4 shows the 1llustrative known surface 401 of FIG. 3C

with a nanostructure feature pattern of nanoposts 402 dis-
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posed on a substrate. Throughout the description herein, one
skilled 1n the art will recognize that the same principles
applied to the use of nanoposts or nanostructures can be
equally applied to microposts or other larger features 1n a
feature pattern. The surface 401 and the nanoposts 402 of
FIG. 4 are, illustratively, made from silicon. The illustrative
nanoposts 402 of FI1G. 4 are approximately 350 nm in diam-
cter, approximately 6 um high and are spaced approximately
4 um apart, center to center. It will be obvious to one skilled
in the art that such arrays may be produced with regular
spacing or, alternatively, with rregular spacing.

As discussed above, the present Applicants have recog-
nized that nanostructured surfaces can be used to deliver a
battery having an electrode formed from a graphitic carbon
nanostructured surface (i.e., an operational feature) and that
such nanostructured surface can also serve to impart certain
control features to the battery. In one illustrative embodiment
of the invention, the nanostructured surface consists of a
plurality of graphitic carbon nanoposts formed from graphitic
carbon through the use of a pyrolyzed polymer whereby such
graphitic nanoposts serve as the electrode of the nanostruc-
tured battery and also serve to control certain aspects of the
nanostructured battery itself. In a further embodiment of the
invention, the nanostructured surface consists of a plurality of
nanoposts wherein a select portion of each nanopost (e.g., a
top portion) 1s formed to serve as the dielectric of the nano-
structured battery, and the balance of each nanopost (e.g., a
bottom portion) 1s utilized to impart the control features to the
nanostructured battery.

Again, 1n accordance with the various illustrative embodi-
ments ol the mvention, the graphitic nanostructure serves
both as an operational feature (1.e., dielectric/electrode) and
control feature of the battery 1tself, as further discussed here-
inbelow.

Significantly, the various principles of the present mven-
tion provide at least the following new improvements and
distinguished features from prior lithium 10n microbatteries
(see, for example, Wang, supra): (1) in accordance with
present invention, posts are created directly using a photosen-
sitive precursor to carbon which yields a turbostratic carbon,
1.€., a graphitic form of carbon that intercalates lithium 1ons
significantly more efficiently than glassy carbon; (2) in accor-
dance with present invention, the turbostratic carbon elec-
trode 1s incorporated 1into the microbattery such that the elec-
trode 1s 1solated from the electrolyte until the microbattery 1s
activated, such 1solation being achieved by forming dielectric
layers and hydrophobic layers on top of the graphitic nanop-
osts; (3) 1n accordance with present invention, by using sepa-
rate photoresist and carbon precursor layers the graphitic
nanopost arrays exhibit greater surface area; and (4) 1 view
of the aforementioned (1)-(3), the graphitic nanostructures, 1n
accordance with the principles of the present invention, serve
both as an operational feature (1.e., form the dielectric/elec-
trode) and control feature (1.e., electrolyte 1solation and bat-
tery activation) of the microbattery 1tself.

FIG. § shows a flowchart of illustrative operations 500 for
fabricating a graphitic nanostructured surface in accordance
with the principles of the present mvention. In accordance
with an embodiment of the invention, a precursor film (or
f1lms) 1s applied to a substrate and, thereafter, a photoresist 1s
applied on top of the film/substrate combination (block 510).
As will be appreciated, the precursor film(s) 1s selected based
on having certain properties which will allow for the forma-
tion of graphitic carbon. Thus, in accordance with an embodi-
ment of the invention, the precursor material 1s a polymer film
such as well-known poly(acrylonitrile), also referred to in the
art as “PAN”. As will be appreciated, any number of polymer
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films will serve equally well to form the graphitic nanostruc-
tured surface of the present invention including, but not lim-
ited to, poly(p-phenylene) and polyimide. The illustrative
results of operation 510 are shown in FIG. 6 1n structure 601
(this structure 601 and others 602-606 shown 1n cross-sec-
tional view). As shown 1n structure 601, polymer film 607 has
been applied to substrate 608, illustratively a silicon sub-
strate. Structure 602 1n FIG. 6 shows the further application of
photoresist 609 on top of polymer film 607.

In accordance with this embodiment of the invention, pho-
toresist 609 1s exposed and developed (see, FIG. 5, block 520)
using standard semiconductor processing techniques which
will be well understood by those skilled 1n the art and need not
be delineated further herein. As will also be appreciated,
photoresist 609 can be any number of well-known photore-
sists such as AZ 4620 which contains cresol-novolak resin
(commercially available from the Clariant Corporation, 400
Monroe Road, Charlotte, N.C. 28205) which, in terms of the
present mvention, are selected based on properties such as
good 1mage quality, high photosensitivity, and etchant resis-
tance. Structure 603 of FIG. 6 shows the resultant pattern 610
which 1s then used to transfer the desired image (see, FIG. 5,
block 530), again using well-known semiconductor photo-
lithographic techniques, onto substrate 608 as shown 1n struc-
ture 604. As seen 1n structure 604, nanoposts 611 appear on
the surface of substrate 608 with each nanopost 611 having a
small section of photoresist 609 left from the image transieral
operation. Such photoresist 1s stripped 1n a well-known fash-
ion as shown 1n structure 605 which shows nanoposts 611 on
the surface of substrate 608 free of any further photoresist
materials.

In accordance with this embodiment of the invention, the
applied polymer materials are pyrolized (see, FIG. 5, block
540) which results in the graphitic nanostructure of the
present mvention, which is illustratively shown 1n structure
606 having graphitic nanostructure 613 consisting of gra-
phitic carbon nanoposts 612. As will be appreciated by those
skilled 1n the art, pyrolysis 1s the decomposition or transior-
mation of a compound caused by heat 1n the absence of
oxygen. In accordance with embodiment of the invention,
after the applied polymer 1s pyrolized, the graphitic carbon
nanoposts 612 are treated with a hydrophobic dielectric coat-
ing (such as CYTOP®, a soluble fluropolymer commercially
available from Asahi Kasei Chemical Corporation, 1-2
Yuraku-cho, 1-chome, Chiyoda-ku, Tokyo, Japan; or Bellex
International Corp., 501 Carr Road, Suite 100, Wilmington,
Del. 19809). Selective coating of the tips can be achieved by
dipping the graphitic nanostructures into an uncured film of
the polymer. By maintaining a small thickness of the hydro-
phobic dielectric coating (preferably less than 1 micron),
most of the post remains uncoated and available to intercalate
lithium. Coating the tips imparts the desired dielectric prop-
erties, as well as superhydrophobic properties, to graphitic
carbon nanoposts 612 thereby forming the electrode of the
graphitic nanostructured battery, 1n accordance with the prin-
ciples of the invention.

In accordance with a further embodiment of the invention,
the nanostructured surface consists of a plurality of nanoposts
wherein a select portion of each nanopost 1s formed to serve
as the dielectric of the nanostructured battery, and the balance
of each nanopost 1s utilized to impart certain control features
to the nanostructured battery. More particularly, the bottom
portion ol each nanopost of the nanostructured surface i1s
disposed 1n a way such that an electrolyte fluid of the battery
1s prevented from contacting the electrode, thus preventing
discharge of the battery when the battery 1s not 1n use. When
a voltage 1s applied to the nanostructured surface, the elec-
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trolyte fluid 1s caused to penetrate the nanostructured surface
and to contact the electrode, thus activating the battery.
Accordingly, when the activated battery is inserted mto an
clectrical circuit, electrons will flow along the circuit. That 1s,
in accordance with the various illustrative embodiments of
the mnvention, the graphitic nanostructure (1.e., the graphitic
nanoposts) serves both as an operational feature (1.e., dielec-
tric/electrode) and control feature of the battery 1tsell.

In terms of the above-described control features of the
graphitic nanopost structure of the present invention, FIGS.
7A and 7B show the illustrative control features whereby
clectrowetting principles are used to cause a liquid droplet to
penetrate the graphitic nanostructured pattern. In addition to
the description in the 084 Application, electrowetting prin-
ciples are generally described 1n U.S. patent application Ser.
No. 10/403,159, filed Mar. 31, 2003, and titled “Method And
Apparatus For Variably Controlling The Movement Of A
Liquid On A Nanostructured Surface,” which 1s hereby incor-
porated by reference herein.

Referring to FIG. 7A, a droplet 701 of conducting liquid
(such as an electrolyte solution) 1s disposed on nanostructure
teature pattern of cylindrical nanoposts 702, such nanoposts
being graphitic nanopost structures as described above in
accordance with the invention, such that the surface tension of
the droplet 701 results 1n the droplet being suspended on the
upper portion of the nanoposts 702. In this arrangement, the
droplet only covers surface area 1, of each nanopost. The
nanoposts 702 are supported by the surface of a conducting
substrate 703. Droplet 701 1s illustratively electrically con-
nected to substrate 703 via lead 704 having voltage source
705. Nanoposts 702 are electrically insulated from the liquid
701 by an msulating layer of dielectric material. The nanop-
osts are further separated from the liquid by a low surface
energy material such as a well-known tluoro-polymer. Such a
low surface energy material allows one to obtain an appro-
priate 1nitial contact angle 706 between the liquid and the
surface of the nanopost. It will be obvious to one skilled in the
art that, mstead of using two separate layers of different
material, a single layer of material that possesses sutliciently
low surface energy and suificiently high insulating properties
could be used.

FIG. 7B shows that, by applying a low voltage (e.g., 10 to
20 volts) to the conducting droplet of liquid 701, a voltage
difference results between the liquid 701 and the nanoposts
702. The contact angle between the liquid and the surface of
the nanopost decreases and, at a sufliciently low contact
angle, the droplet 701 moves down in the y-direction along
the surface ol the nanoposts 702 and penetrates the nanostruc-
ture feature pattern until 1t completely surrounds each of the
nanoposts 702 and comes 1nto contact with the upper surface
of substrate 703. In this configuration, the droplet covers
surface area 1, of each nanopost. Since 1,>>1,, the overall
contact area between the droplet 701 and the nanoposts 702 1s
relatively high such that the droplet 701 contacts the substrate
703.

FIG. 8 shows 1llustrative graphitic nanostructured surfaces
having select dielectric tips fabricated 1n accordance with the
illustrative operations of FIG. 5 and this further embodiment
of the invention. As shown 1n FIG. 8, structures 801 through
804 (fabricated from the combination of polymer film 807/
substrate 808) have similar characteristics as structures 601
through 604 as shown 1n FIG. 6. As such, the details of such
structures will not be repeated here again (including the rel-
evant operations from FIG. 5 as also previously discussed
above). However, in accordance with this further embodi-
ment of the imvention, photoresist 809, as shown 1n structure
802, 1s selected based on such photoresist containing an addi-
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tional element (e.g., s1licon) which will thermally decompose
to form a dielectric. Photoresists exhibiting such properties
are known as “bi-level” resists, such as poly(vinylmethylsi-
loxane, bis(4-chloromethyl phenyl) siloxane and diazo-silox-
ane. Thus, 1n accordance with this embodiment of the inven-
tion, the photoresist 809 which remains patterned on top of
nanoposts 810, as shown 1n structure 804, will be used to form
the electrode of the nanostructured battery. After pyrolysis, in
accordance with this further embodiment of the invention,
nanostructure 811 consists of graphitic carbon nanoposts
812, where each nanopost 812 has a so-called “dirty tip™, as
shown 1n structure 805. The dirty tip 1s composed of photo-
resist decomposition products (primarily S10,, with some
carbon included). The purpose of the coating 1s to introduce
an electrical msulator such that electrowetting can be effi-
ciently triggered.

Since, 1n accordance with this embodiment of the inven-
tion, the tip portions 813 of nanoposts 810 are intended to
serve as the battery’s dielectric, it will be important to remove
any carbon layer on such tips 813 which may have resulted
fromthe pyrolysis of the applied films. As will be appreciated,
this particular carbon layer on tips 813 1s an undesirable
by-product of the pyrolysis 1n that 1t will adversely atiect the
conductive properties of tips 813. As such, in accordance with
this embodiment, oxidation (see, FIG. 5, block 5350) 1s applied
to remove the unwanted carbon layer from tips 813 which
results, as shown 1n structure 806, in the desired graphitic
nanostructure 814 consisting of a plurality of graphitic nano-
posts 812 which have dielectric tips 813. As will be appreci-
ated, other well understood variations 1n processing/material
selection will also provide the desired graphitic nanostructure
814 having graphitic nanoposts. For example, rather than
using a select photoresist material to form the dielectric, an
additional film layer could be applied on top of the polymer
film (e.g., film 807) to fabricate the desired dielectric. Such
additional film layer could be S10,, S1,N,, or Al,O, each of
which exhibits good dielectric properties.

To further illustrate the principles of the present invention,
an 1illustrative graphitic nanostructured lithium battery 1s
shown in FIGS. 9A and 9B. More particularly, FIG. 9A shows
an 1llustrative battery 901 in accordance with the principles of
the present invention whereby an electrolyte fluid 902, 1.¢., an
clectrolyte fluid having lithtum 1ons, 1s contained within a
housing having containment walls 903. The electrolyte fluid
902 15 1n contact with positive electrode 904, but 1s separated
from negative electrode 908 by graphitic nanostructured sur-
face 907. As shown 1n FIG. 9A, graphitic nanostructured
surface 909 also forms, 1n accordance with the principles of
the invention, the negative electrode 908 of battery 901. In
FIG. 9A, the electrolyte tluid 1s suspended on the tops of the
graphitic nanoposts 907 of the surface 909, similar to the
droplet of FIG. 5A. The battery 901 1s inserted, for example,
into electrical circuit 903 having load 906. When the electro-
lyte liquid 1s not 1n contact with negative electrode 903, there
1s substantially no reaction between the electrolyte and the
clectrodes 904 and 903 of the battery 901 and, therefore, there
1s no depletion of the materials of the electrodes. Thus, 1t 1s
possible to store the battery 901 for relatively long periods of
time without the battery becoming discharged.

FIG. 9B shows the battery 901 of FIG. 9A inserted into
clectrical circuit 905 wherein, utilizing the electrowetting
principles described above, a voltage 1s applied to the gra-
phitic nanostructured surface 909 (in particular, graphitic
nanoposts 907) thus causing the electrolyte tluid 902 to pen-
ctrate the graphitic nanoposts 907 and to come 1nto contact
with the negative electrode 908. One skilled 1n the art wall
recognize that this voltage can be generated from any number
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ol sources such as, for example, by passing one or more
pulses of RF energy through battery 901. When the penetra-
tion of the electrolyte into the nanostructures occurs, elec-
trons begin flowing in direction 910 along the circuit 905 as
described above and the load 906 1s powered. Thus, the 1llus-
trative embodiments of FIG. 9A and FIG. 9B show the gra-
phitic nanostructures function to serve both as an operational
teature and control feature of the battery 1tself, in accordance
with the principles of the invention. That 1s, graphitic nano-
structured battery 901 utilizes a graphitic nanostructure sur-
face to form the battery’s electrode (e.g., electrode 908) and
to provide control feature thereto (e.g., how the battery can be
stored without depletion for a relatively long period of time
and can then be “turned on” at a desired point in time to power
one or more electrical loads 1n an electrical circuit, or deliv-
ering a desired current or voltage from the battery).

The foregoing merely illustrates the principles of the
invention. It will thus be appreciated that those skilled 1n the
art will be able to devise various arrangements which,
although not explicitly described or shown herein, embody
the principles of the invention and are within its spirit and
scope. For example, one skilled 1n the art, in light of the
descriptions of the various embodiments herein, will recog-
nize that the principles of the present invention may be uti-
lized 1n widely disparate fields and applications. All examples
and conditional language recited herein are intended
expressly to be only for pedagogical purposes to aid the
reader in understanding the principles of the invention and are
to be construed as being without limitation to such specifi-
cally recited examples and conditions. Moreover, all state-
ments herein reciting aspects and embodiments of the mnven-
tion, as well as specific examples thereof, are mtended to
encompass functional equivalents thereof.

We claim:

1. A battery, comprising;:

an electrolyte tluid; and

a first electrode formed at least 1n part from a patterned

plurality of nanostructured features on a substrate, the
nanostructured features each including graphitic carbon,
the electrolyte fluid being in contact with a surface
formed by the patterned plurality of nanostructured fea-
tures, and the electrolyte tfluid being disposed between
the first electrode and a second electrode;

wherein the patterned plurality of nanostructured features,

in addition to forming at least a part of the first electrode,
enables controllable penetration of the electrolyte fluid
through the surface and 1nto contact with the substrate of
the first electrode.

2. The battery of claim 1, wherein the patterned plurality of
nanostructured features includes a plurality of nanostructured
teatures each including graphaitic turbostratic carbon.

3. The battery of claim 1, wherein the battery 1s configured
tor causing the electrolyte fluid to penetrate through the sur-
face into the patterned plurality of nanostructured features
and 1nto contact with the substrate of the first electrode, upon
applying a voltage between the first and second electrodes.

4. The battery of claim 3, wherein the electrolyte fluid 1s
disposed 1n such a way between the first electrode and the
second electrode so that upon causing the electrolyte fluid to
penetrate through the surface and into contact with the sub-
strate of the first electrode, the battery generates an electrical
current.

5. The battery of claim 1, wherein each of the plurality of
nanostructured features has a first portion and a second por-
tion such that the first portion forms at least a part of the first
clectrode and the second portion enables the controllable
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penetration of the electrolyte fluid through the surface and
into contact with the substrate of the first electrode.

6. The battery of claim 5, wherein the second portion of
cach of the patterned plurality of nanostructured features
includes a dielectric material.

7. The battery of claim 1, wherein the electrolyte fluid
includes lithium 1ons.

8. The battery of claim 6, wherein the dielectric material
includes silicon dioxide, and wherein the first portion of each
of the patterned plurality of nanostructured features includes
graphitic carbon.

9. A method, comprising:

providing a battery including an electrolyte fluid, a first

electrode, and a second electrode, the first electrode
being formed at least in part from a patterned plurality of
nanostructured features on a substrate, the nanostruc-
tured features each including graphitic carbon, the elec-
trolyte fluid being 1n contact with a surface formed by
the patterned plurality of nanostructured features, and
the electrolyte fluid being disposed between the first and
second electrodes; and

causing the patterned plurality of nanostructured features

to enable controllable penetration of the electrolyte tluid
through the surface and 1into contact with the substrate of
the first electrode.

10. The method of claim 9, wherein causing the patterned
plurality of nanostructured features to enable the controllable
penetration of the electrolyte fluid through the surface and
into contact with the substrate includes applying a voltage
between the first and second electrodes and causing the elec-
trolyte fluid to penetrate into the patterned plurality of nano-
structured features.

11. The method of claim 9, wherein providing the battery
includes providing the plurality of nanostructured features as
cach icluding graphitic turbostratic carbon.

12. The method of claim 9, wherein providing each of the
plurality of nanostructured features includes providing a first
portion of the nanostructured feature and a second portion of
the nanostructured feature such that the first portion forms at
least a part of the first electrode and such that the second
portion enables the controllable penetration of the electrolyte
fluid through the surface and into contact with the substrate.

13. The method of claim 12, wherein providing each of the
plurality of nanostructured features includes providing the
second portion as including a dielectric material.

14. A graphitic nanostructured surface for use 1n a battery
comprising;

a plurality of nanoposts formed from graphitic turbostratic

carbon; and

wherein said plurality of nanoposts function as a first elec-

trode of said battery and provide a control for delivering
a voltage or a current from said battery.

15. The graphitic nanostructured surface of claim 14
wherein said control provided by said plurality of nanoposts
includes controlling a penetration of an electrolyte fluid 1n
said plurality of nanoposts by passing a voltage over said
plurality of nanoposts such that said electrolyte fluid pen-
etrates said plurality of nanoposts, thus contacting said first
clectrode.

16. The graphitic nanostructured surface of claim 135
wherein each nanopost of said plurality of nanoposts has a
first portion and second portion such that said first portion
forms said first electrode and said second portion controls
said contact of said electrolyte fluid and said first electrode.

17. The graphitic nanostructured surface of claim 16
wherein said first portion of said graphitic carbon nanopost 1s
treated with a dielectric material.
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18. The graphitic nanostructured surface of claim 135
wherein said electrolyte fluid contains lithtum 10mns.

19. A battery, comprising:

a substrate;

a first electrode formed at least in part by a patterned
plurality of nanostructured features;

cach of the plurality of nanostructured features including a
conductive bottom portion being on the substrate, and a
dielectric top portion being a dielectric tip of the nano-
structured feature on the conductive bottom portion, the
dielectric top portion being wholly located above the
conductive bottom portion relative to the substrate; and

an electrolyte fluid, being disposed between the first elec-
trode and a second electrode, and being 1n contact with a
surface formed by the dielectric tips;

wherein the nanostructured features enable controllable
penetration of the electrolyte fluid through the surface
and 1nto contact with the conductive bottom portions of
the nanostructured features.

5

10

15

20. The battery of claim 19, wherein the dielectric top 20

portion of each of the patterned plurality of nanostructured
features includes S10,.

21. The battery of claim 19, wherein the conductive bottom
portion of each of the patterned plurality of nanostructured
teatures includes graphitic carbon.
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22. The battery of claim 21, wherein the conductive bottom
portion of each of the patterned plurality of nanostructured

teatures includes graphitic turbostratic carbon.

23. The battery of claim 19, wherein the battery 1s config-
ured for causing the electrolyte fluid to penetrate through the
surface 1into the conductive bottom portions of the patterned

plurality of nanostructured features upon applying a voltage
between the first and second electrodes.

24. The battery of claim 23, wherein the electrolyte fluid 1s
disposed 1n such a way between the first electrode and the
second electrode so that upon causing the electrolyte flud to
penetrate through the surface and into contact with the con-
ductive bottom portions of the patterned plurality of nano-
structured features, the battery generates an electrical current.

25. The battery of claim 19, wherein each dielectric top
portion 1cludes a distal end located at a first distance away
from the substrate, wherein each conductive bottom portion
includes a lateral side extending over a second distance span-
ning most of the first distance, and wherein the lateral side 1s
configured for contacting the electrolyte fluid throughout the
second distance upon penetration of the electrolyte fluid 1nto
contact with the conductive bottom portions.
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